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While thermally cycling monolayer, bilayer and trilayer graphene between 5 K and 300 K Raman spectroscopy has
shown that cooling to 5 K induces a strain in these graphene flakes of −0.081± 0.003%. This strain was used to
measure the graphene thermal expansion coefficient (TEC) which was found to be (−3.2±0.2)×10−6 K−1 for mono-
layers, (−3.4± 0.4)× 10−6 K−1 for bilayers and (−3.8± 0.6)× 10−6 K−1 for trilayers at room temperature. The
TEC showed a similar temperature dependence across all graphene thicknesses and was found to be in good agree-
ment with theoretical predictions. This study thus represents the first measurement of the TEC of bilayer and trilayer
graphene. Modification of graphene flakes of all thicknesses with various electrical contact designs was found to have
no significant impact on the resulting strain, and thus the TEC, compared to the pristine graphene.
Graphene represents the fundamental limit of two-
dimensional materials, consisting of single layers of carbon
atoms arranged in a honeycomb bonding pattern. Since it
was successfully isolated as a single layer in 2004,1 graphene
has become of enormous interest for experimental study.
Graphene devices have been used in various electromagnetic
experiments involving low temperatures, exploiting the bal-
listic conduction behaviour of electrons in graphene.2 Me-
chanical strain has been shown to affect the electronic be-
haviour of graphene, and to generate pseudo-electromagnetic
potentials.3 It is therefore imperative to understand how tem-
perature changes can strain graphene devices.
Strain in graphene devices can be thermally induced from
the difference in thermal expansion between the graphene
flake and its substrate. Graphene has been shown to have
a negative thermal expansion coefficient (TEC),4–7 and it is
predicted to remain negative down to 0 K,8 giving rise to
the possibility of the creation of significant strains over the
temperature range between room and cryogenic temperatures.
This expansion difference results in a biaxial strain which
is produced due to the Van der Waals force exerted on the
graphene by the surface of the comparatively thicker substrate
with which the graphene is in contact (Fig. 1a).
In this Letter, we report on the TEC’s dependence on the
temperature of monolayer, bilayer and trilayer graphene in
the temperature range of 5-300 K, using the thermal strain of
graphene on a supporting Si/SiO2 substrate. This thus repre-
sents the first temperature measurement of the TEC of mono-
layer graphene below 30 K,6 and also represents the first mea-
surement of the TEC of both bilayer and trilayer graphene ac-
cross any temperature range. Previous experimental and theo-
retical investigations into the TEC of graphene have produced
a wide range of TEC temperature dependences, ranging from
a positive TEC at all temperatures,9 to a negative TEC up
to temperatures of at least 1000 K,6,8 with various disagree-
ments over the negative to positive transition point.4,7 This
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highlights the necessity for a definitive measurement of the
graphene TEC, as an accurate measurement of the tempera-
ture dependence of the TEC of graphene is essential to create
graphene devices with tailored thermal strain fields and hence
pseudo-magnetic fields.
Raman spectroscopy is a versatile method for determining
the properties of a material by probing its atomic lattice vi-
brations (phonons). In graphene, Raman spectra are regularly
used to identify the number of graphene layers and to indi-
cate the density of lattice defects.10 In this Letter, we use the
strain-induced shifts in the phonon energies, which produce
corresponding shifts in the G and 2D Raman peak energies,
to measure the strain and TEC temperature dependences. The
G Raman peak is caused by the E2g symmetry mode vibra-
tion of the graphene lattice,11,12 and the 2D Raman peak is
the overtone of the A1g symmetry mode vibration;13 the D
Raman peak of the A1g mode only being Raman active in the
presence of lattice defects.12
The graphene samples used in this study were exfoliated
from highly ordered pyrolytic graphite (HOPG) onto silicon
substrates with a 295 nm SiO2 surface coating. Flakes with
sides of length 6-20 µm were selected for fabrication and
measurement. Graphene thicknesses were identified by the
peak shape of the Raman 2D line which transitions from a
single spectral peak for monolayer graphene to a combination
of four sub-peaks in bilayer and trilayer graphene.12 Three
styles of graphene devices were designed: isolated pristine
graphene flakes supported by the substrate alone (Fig. 1b),
two-point contacted graphene devices using gold (Fig. 1c)
and two-point contacted devices with gold “nails” through the
graphene into the substrate (Fig. 1d). These designs were
used to compare the different clamping effects that could be
induced by standard electrical contacting.
Temperature-dependent Raman microscopy was under-
taken in an optical cryostat with a temperature range of 4.2-
300 K. A long working distance objective with a 17 mm focal
length was used to focus the laser beam onto the graphene
flakes and collect the resulting Raman signal. Raman exci-
tation was induced with a 514.5 nm Ar+ laser at an output
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power of ≤4 mW with a laser spot diameter of 6 µm to avoid
sample heating, which was confirmed by performing measure-
ments at higher laser powers and observing no difference in
the temperature-dependent energy shift behaviour of the Ra-
man peaks.
The monolayer graphene G and 2D Raman peak energies
were derived from fitted Lorentzian functions. These fits and
the temperature dependence of the Raman peak energies of
pristine monolayer graphene are shown in Fig. 2.
In order to isolate the strain contributions to the Raman
peak energy shift, the doping and intrinsic thermal effects on
the Raman peak energy positions must each be accounted for
and removed:
The intrinsic phonon thermal energy shift arises from the
variation in the phonon self-energy with temperature.14 This
energy shift is not expected to vary between samples, so the
theoretically predicted energy shift (Fig. 2c – blue line) can
be subtracted from the data points. This predicted energy shift
FIG. 1. Schematic representation of (a) thermal contraction, which
results in compressive biaxial strain in the graphene as the tempera-
ture of the Si substrate (grey) and graphene (blue) is decreased; (b)
pristine, (c) contacted and (d) “nailed” sample designs with the sub-
strate oxide coating (SiO2) shown in green, and the gold (Au) con-
tacts in yellow.
has been approximated as a third-order polynomial:15
∆ωG =−4.23×10−4T −3.03×10−5T 2 +1.15×10−8T 3,
(1)
where ∆ωG is the G Raman peak energy shift from the 0 K
energy position, and T is temperature. This has been used for
the G Raman peak data, but not for the 2D Raman peak data as
the magnitude of the intrinsic thermal 2D Raman peak energy
shift is three times less than that of the G Raman peak over the
temperature range investigated.16 This results in the intrinsic
thermal 2D Raman peak energy shift being comparable to the
scatter in the data points in Fig. 2d and therefore insignificant
in comparison to the total temperature-dependent energy shift.
The G to 2D Raman peak energy-shift ratio was then used
to identify the strain-only energy shifts in the Raman peak en-
ergy positions separate from the doping contributions. Strain
in graphene shifts the Raman peak energies by changing the
bond lengths between the carbon atoms, causing an increase
(decrease) in phonon energy with compressive (tensile) strain
as determined by the Grüneisen parameter of graphene.17,18
The hydrostatic, biaxial-strain energy shift was measured in-
dependently of doping and temperature by Zabel et al.19 to be
57 cm–1/% for the G Raman peak and 140 cm–1/% for the 2D
Raman peak. This results in a ratio of 2.45 between the strain-
only energy shift of the 2D Raman peak to the G Raman peak
as is shown by the red lines in Figs. 3a-c.
Finally, changes in doping concentration also cause the G
and 2D Raman peaks to shift in energy. Shifts in the graphene
Fermi energy away from the crossover point of the valence
and conduction bands has been shown to increase the en-
ergy of the G and 2D Raman peaks.20 Doping of graphene
on Si/SiO2 substrates tends to be positive (hole) doping due
to the oxide surface of the substrate.21,22 For doping concen-
trations below 1013 cm–2, the Raman peak energy shift with
doping concentration can be approximated as linear.20 A mea-
sure of Raman peak energy shift with doping by Das et al.20
shows that the 2D Raman peak shifts in energy with doping
with a slope of 0.7 that of the G Raman peak. This gradient
was used to selectively remove the doping contribution to the
Raman peak energy positions. This doping-only energy-shift
ratio is shown by blue lines in Fig. 3a-c.
The use of these G to 2D Raman energy-shift ratios to sepa-
rate the strain and doping contribution in monolayer graphene
is demonstrated in Fig. 3a, and follows the approach of Lee et
al..23 The zero energy shift position is assigned according to a
Raman measurement on suspended graphene, which has min-
imal intrinsic strain and doping due to being isolated from ex-
ternal substrate effects: 1582 cm–1 for the G Raman peak and
2677 cm–1 for the 2D Raman peak.23 Thus the doping contri-
bution to the Raman peak energy shift with temperature shown
in Fig. 2c and 2d can be removed by shifting each correlated
data point along a vector parallel to the “doping only” (nh) line
until it lies upon the “strain only” (ε) line, as shown in Fig. 3c.
These adjusted Raman peak energy shift values are then trans-
lated into strain using the Grüneisen parameter.17,18 The biax-
ial Grüneisen parameters for graphene have not been defini-
tively determined. Here, consistent with the literature,4,9,15 it
has been assumed that the Grüneisen parameters do not vary
with temperature and the value of the Grüneisen parameter of
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FIG. 2. (a) The G and (b) the 2D Raman peaks of pristine monolayer graphene (black solid lines) on the same intensity scale, with a Lorentzian
curve fit to the data (red dashed lines). (c) Shift of the G Raman peak energy with temperature from the zero-strain and zero-doping Raman
shift values. The predicted thermal phonon self-energy shift calculated by Bonini et al.14 is shown as a blue line, offset to coincide with the
data at 300 K. (d) Shift of the 2D Raman peak energy with temperature from the zero-strain and zero-doping Raman shift values.
the G Raman peak γG, has been taken to be 1.8 for biaxially
strained monolayer graphene as derived from mechanical de-
formation experiments.19
This correlation process was repeated for bilayer and
trilayer graphene although slightly modified: For bilayer
graphene, a strain gradient of 2.4 and a doping gradient of 0.62
were used.19,24,25 The 2D Raman peaks for bilayer and trilayer
graphene consist of multiple sub-peaks, therefore, for the pur-
poses for these calculations, the 2D Raman peak energy posi-
tion was taken to be the energy position of the envelope of the
unresolved sub-peaks from fitting the envelope with a single
Gaussian function. This is justified as it was found that the 2D
Raman peak shape did not change with strain,19 i.e. that all its
sub-peaks shift in energy in parallel with temperature. A zero-
strain-doping Raman peak energy position of 1567 cm–1 and
2669 cm–1 from a suspended bilayer graphene flake measure-
ment was used for the G and 2D Raman peaks respectively.26
For trilayer graphene, a strain gradient of 2.5 and zero-strain-
doping Raman peak energy positions of 1567 cm–1 and 2621
cm–1, respectively, were used from another suspended flake
measurement.24,27 The doping gradient of bilayer graphene
was used for the trilayer graphene correlation as it is not ex-
pected to be significantly different within our experimental
uncertainties. The value of γG for biaxially strained bilayer
graphene has been taken to be 1.82 and γG = 1.45 for biaxi-
ally strained trilayer graphene, again derived from mechanical
deformation experiments.24
The resultant strain dependence for pristine monolayer
graphene is shown in Fig. 3d and demonstrates a compres-
sive strain as the temperature is decreased with a magnitude
of −0.081± 0.003% at 0 K, when averaged over 23 flakes,
which is consistent with a negative TEC for graphene over the
investigated temperature range. The samples showed no con-
sistent variation in strain behaviour that correlated with the
different device designs employed and depicted in Fig. 1b-d.
The TEC of graphene was calculated from the derivative of
the strain with respect to temperature:4




where α is the TEC. The strain dependences were fitted with
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FIG. 3. (a) Correlation of the G and 2D Raman peak energies of Fig. 2c and 2d. (b) Shifted correlation of the data shown in (a) after removal
of the intrinsic G Raman peak energy shift with temperature – see text. (c) Removal of the doping contribution to the correlation position by
shifting the correlated data (circles) to the strain line (diamonds). (d) Isolated strain dependence of pristine monolayer graphene on temperature
from (c). The data are then fitted to the quadratic equation: ε =−0.0678+8.3×10−7T 2 which is shown as a purple line.
a T 2-function (Fig. 3d) of the form
ε = c+mT 2, (3)
where c is a constant and m is the gradient. The lowest tem-
perature data point was used to define the constant term c,
leaving the gradient as the only fitting parameter. A higher
order polynomial fit was not justifiable due to the error bars
on the strain dependence data points in Fig. 3d. The quadratic
form of Eqn. 3 results in a linear dependence of the derivative
term in Eqn. 2. This in turn results in the slightly anomalous
behaviour in the final calculated TEC dependence on temper-
ature that mimics the features of the silicon TEC temperature
dependence, αSi (Fig. 4a).28
Fig. 4a shows the averaged TEC measurements across the
one-, two- and three-layer graphene samples over the temper-
ature range of 5-300 K. The figure shows good agreement
with the theoretically calculated temperature dependence of
the TEC by Mounet et al.,8 shown as a purple line, as well
as a broad similarity across all three graphene thicknesses.
This is in contrast to previous TEC measurements of mono-
layer graphene which have demonstrated a more negative
TEC dependence than predicted,4,6,7 a rapidly varying,7 or
even a positive TEC over the equivalent temperature range
investigated.5,9 Our study also represents the first measure-
ment of the bilayer and trilayer graphene TEC. At room tem-
perature, the measured TECs were found to be (−3.2±0.2)×
10−6 K−1 for monolayers, (−3.4±0.4)×10−6 K−1 for bilay-
ers and (−3.8±0.6)×10−6 K−1 for trilayers.
Additionally, it was demonstrated that the strain, and there-
fore the TEC, temperature dependence did not vary signif-
icantly either between the graphene device designs investi-
gated in this study: A single monolayer graphene flake was
separated into the three device designs of Fig. 1b-d and the
resultant TEC temperature dependences of these three devices
are shown in Fig. 4b. There is an overlap in the uncertainty
bounds of the TECs from these three different sample designs,
which shows that these design differences are not the source
of either the strain nor the TEC variation observed across the
range of samples investigated in this study (which were aver-
aged in Fig. 4a). It was therefore concluded that any sample
variance was a result of the exfoliation process and hence the
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FIG. 4. (a) Averaged TECs (α) of monolayer graphene (black line),
bilayer graphene (red line), and trilayer graphene (green line). (b)
TECs (α) of a single monolayer graphene flake from which three
differently contacted devices were made: pristine (black line), con-
tacted (green line), and “nailed” (red line). The theoretical TEC of
monolayer graphene is shown in purple,8 and the TEC of silicon in
blue for comparison.28
degree that the graphene was in contact with the Si/SiO2 sub-
strate, rather than the actual device contact design, over the
temperature range investigated (5-300 K).
While largely agreeing with the theoretical TEC,8 the TEC
temperature dependences deduced in Fig. 4 all tend to be
smaller in magnitude than the theoretical prediction.8 This
can be understood to be the case if the graphene flakes are
not in perfect contact with the substrate surface, as depicted
schematically in Fig. 5. In this scenario, the atomically rough
surface of the SiO2 allows the graphene a certain amount of
thermal expansion free from strain, resulting in a less neg-
ative TEC. The difference between the expected strain from
the theoretical TEC and the measured strains was used to esti-
mate the substrate surface roughness by modelling the strain-
free relaxation of the graphene flake as the length difference







where s and d are the arc and chord lengths respectively,
and h is the height of the arc. Using chord length values
FIG. 5. Schematic representation of imperfect contact between
graphene and a SiO2 surface which allows the graphene sheet to ex-
pand without strain upon cooling – see text.
of 25-50 nm to represent the peak separation in the surface
roughness of SiO2 surfaces as measured by atomic force mi-
croscopy (AFM),30 the arc height values obtained were con-
sistent with a substrate surface roughness of 0.29-0.57 nm.
This roughness, calculated from our measured strain, is found
to be consistent with AFM data.30
In summary, the thermal strain in exfoliated graphene
and its corresponding TEC was measured over the temper-
ature range of 5-300 K from the shift in phonon energy
measured by Raman spectroscopy for monolayer, bilayer
and trilayer graphene and three device designs. The strain
difference induced by cooling the monolayer graphene
flakes on Si/SiO2 substrates from room temperature to
5 K was found to be −0.081 ± 0.003% averaged over 23
flakes. The measured TECs: (−3.2 ± 0.2) × 10−6 K−1
for monolayers, (−3.4±0.4)×10−6 K−1 for bilayers and
(−3.8±0.6)×10−6 K−1 for trilayers at room temperature,
were found to be in good agreement with the theoretical pre-
dictions of Mounet et al.8 and consistent with a negative TEC
across the whole investigated temperature range (5-300 K).
However no significant difference was found to be induced
by the style of electrical contacting due to the metal contacts
clamping the graphene flake in any way. These results
should inform further studies involving graphene devices that
undergo temperature variations to create desired strain fields
and hence pseudo-magnetic fields.
The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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